Free light fields can change the predictions of hybrid inflation 
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We show that the free hght scalar fields that may exist in the inflationary Universe can change 
the predictions of the hybrid inflation model. Possible signatures are discussed, which can be used 
to discriminate the sources of the spectrum. 
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I. INTRODUCTION 

Inflation generates the source of the large-scale pertur- 
bation that is needed to explain the inhomogeneity and 
the structure of the Universe [l| . In the original scenario 
of the inflationary Universe, the adiabatic mode of the 
inflaton fluctuation sources the curvature perturbation 
when the perturbation leaves the horizon. 

However, if there are many light scalar fields during 
inflation, inflation may create isocurvature perturbations 
for these fields, and those isocurvature perturbations may 
cause significant creation of the curvature perturbation 
after the horizon exit. 

The generation of the curvature perturbation at the 
end of inflation 0] is basically caused by (1) modulation 
of the coupling constants or (2) two-field hybrid inflation 
in which both inflaton fields are coupled to the waterfall 
field. One thing that is common in the previous models 
of the "end of inflation" scenario is that the extra light 
field has an explicit coupling to the inflaton sector 
[^]. One might think that this requirement is essential 
and quite obvious; however we are considering in this 
paper the removal of this basic requirement. In our model 
the additional fields are not coupled to the inflaton sector, 
but it changes the definition of the adiabatic field. As a 
result, the inflation end is not identical to the uniform 
density hypersurfaces. 

First consider a model in which the inflaton (j) and the 
waterfall field x have the hybrid-type potential given by 
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This defines the "inflaton sector" of the model. Suppose 
that inflation starts with > ^c, and the end of inflation 
is defined hy (j) = (j)c, where the waterfall begins. The 
critical point (pc is given by 



(/-c = -M. 
9 

The number of e-foldings is given by 

N = H T'-t^llJ-l. 
Here "q is the slow-roll parameter defined by 
V 
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where H is the Hubble parameter during inflation and 
the subscript means the derivative with respect to the 
field. In the single-field inflation model we always find 
the trivial coincidence between the uniform density hy- 
persurfaces and the end of inflation. In that case, one 
cannot find the perturbation 5Ne created at the end 0- 
6]. Here SN,, measures the discrepancy between the uni- 
form density hypersurfaces and the end of inflation. 

Going back to the past model [2], generation of the 
perturbation at the end of inflation is considered for a 
two-field model. In that case the additional light field is 
coupled to the waterfall field and that causes SN^ ^ at 
the end. Namely, if one introduces another inflaton 02 
that has the same interaction as the primary field 4>i , the 
end of inflation depends on <p2 as; 
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Then, suppose that 02 is much lighter than 4>i, the en- 
tropy perturbation 6s ~ S(j)2 ^ creates the perturbation 
S(j)i — —^(502 at the end. This leads to the perturbation 
of the number of e-foldings at the end of inflation, which 
is given by 



V 01 



^0. 



(6) 



This is the usual scenario of 6Ne ^ 0. 

In this paper, we consider a similar mechanism of gen- 
erating curvature perturbation at the end of inflation, but 
in contrast to the usual scenario, the additional fields are 
decoupled from the inflaton sector. 

Keeping the inflaton (j> in the potential given by Eq. ([T]) , 
we introduce free light fields {^Pi), which have no explicit 
interaction with the waterfall field x- Although these 
fields {(fi) are not coupled to the "inflaton sector", they 
must participate in the definition of the adiabatic inflaton 
field; a"^ = + J^fJi which is mandatory. A typical 
situation is shown in FigHJ 

In this paper we consider the perturbation caused 
by the entropy perturbation Ss. The angled trajectory 
{9 7^ 7r/2) causes signiflcant creation of the curvature 
perturbation at the end. 
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FIG. 1: Free light scalar fields [ipi) are added to the conven- 
tional hybrid-type potential. 5s is the entropy perturbation, 
and 9 measures the velocity ratio between (j> and the others. 
Note that 6 = n/2 is assumed in the original hybrid inflation, 
but the assumption is not quite obvious when there are many 
light scalar fields in the model, even if they are decoupled 
from the hybrid-type potential. 



II. FREE LIGHT SCALARS IN HYBRID 
INFLATION 



One might be skeptical about the generation of the 
curvature perturbation at the end, if it is realized just by 
adding free scalar fields to the model. To illustrate what 
happens in this model, we show the simplest calculation, 
in which one "standard" infiaton cj) and one additional 
light field if have the same quadratic potential with the 
same mass — niip = m. Therefore, the potential is 
given by 



Mr + ^x'<l>' + ^rn'{^'+v')- (7) 
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This assumption makes the trajectory straight, and re- 
moves ambiguities related to the possible non-trivial evo- 
lution of the perturbations during inflation. (See FigHIl) 
Deflning the adiabatic field a'^ = (fP + ip'^ , we find 



(j) = a sm u 
if = a cos 9. 



(8) 
(9) 



In this model, the end of inflation deflned by the con- 
stant (p — (pc does not coincide with the uniform density 
hypersurfaces deflned by constant a. We flnd the end is 
given by 
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which is perturbed by 69 ^ 0. Therefore, although (pc 
is not perturbed in this model, the entropy perturbation 
{66 0) causes 6Ng ^ at the end of inflation. 

The inhomogeneous end of inflation caused by the en- 



tropy perturbation is thus given by 
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where the subscripts "e" and "*" denote the value at the 
end of inflation and at the epoch when the perturbation 
leaves the horizon, respectively. In this simplest exam- 
ple, the relation 69 ~ [^] ^ is exact and 69 is constant 
after the horizon exit. Note that in this formalism (5s* is 
Gaussian but 60^ is not always a Gaussian perturbation. 

The curvature perturbation generated at the end of 
inflation is thus given by 
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Since the perturbation of the inflation generated at the 
horizon exit is given by 



6N, = 
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we flnd the ratio between the "initial" and "at the end" 
perturbations; 



(14) 
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FIG. 2: The entropy perturbation leads to SO, which appears 
along the uniform density hypersurfaces (dotted circle). 



3 



where the ratio is for the first order perturbations and 
(5s* = Sa^ is used for the calculation. We can see that 
SNe dominates (i.e, r > 1 is realized) when tan 9 < 1. 

The spectral index n — 1 = DVq/ dink for the pertur- 
bation 8Nf, is [2] 



1 



-2e 



H 



277, 



(15) 



where rjs ~ r]„ = Vaa/?>Hl and = H^,/H^ are de- 
fined at the horizon exit. The spectral index is obviously 
different from the standard hybrid inflation scenario. 

Using the second order perturbation, we can estimate 
the non-Gaussianity parameter 



fNL 



Ve 



where 9 <^ 1 and ?7e ^ 1 suggest /jvl ^ 1- Here the 
definition of /at l is 



_ 5 N.NjN,, 

^^"^ ~ 6 {N,nN,n)2 
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where a subscript i denotes the derivative with respect 
to the z-th field, and "• • • " includes loop corrections that 
are usually negligible. 

Since Jnl is obviously small for the quadratic poten- 
tial, in which ry, = rje is mandatory, we need to consider 
non-quadratic potential for the enhancement. 

One way to enhance fNL is to consider the effective 
potential that is dominated by the higher polynomial; 



(18) 



This potential may allow 77* S> ?7e, which makes it possi- 
ble to find r > 1 and /jvl > 1 at the same time. 



A. More fields 

If there are Nf light scalar fields ((/?i, i = l,...Nf) in 
the inflationary Universe, a naive statistical expectation 
is 9 ^ 1/Nf ^1. To avoid the significant creation of 
6Ne at the end, these scalar fields must be settled in 
their minima before the end of inflation, or should have 
very flat potential compared with the inflaton, so that 
"^^Ji ~ is a plausible approximation during infla- 
tion. 

If there are too many fields in the Universe, N-flation 
Q may start before the onset of hybrid inflation. Then 
hybrid inflation may begin when starts dominating 
the Universe. 



III. FREE LIGHT FIELDS IN THE SPECTRUM 

Above we considered the simplest set-up for the model, 
in which only one field (adiabatic field) appears in the ef- 
fective potential during inflation, while the end is caused 




FIG. 3: Closer look at the intersection in Fig[T] The per- 
turbed trajectory is approximately parallel when 59 <^ 9. 



by the coupling between (j) and x- However, in more gen- 
eral cases there may be many fields that may have posi- 
tive/negative mass terms or higher polynomials. Even in 
that case, the first order perturbation requires very sim- 
ple parameters. From FiglH we can see that for 59 <^ 9 
the perturbation at the end of inflation is given by 
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where we assume 5se ^ (^s*. Here 9 is defined by 



tan 6* = 



(19) 
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and the adiabatic field a is 



1,2 _ 12 



Nf 



(21) 



More general definitions of the adiabatic field (probably 
including non-canonical kinetic terms [8|) would be in- 
teresting, but they are not the topic in this paper. The 
curvature perturbation generated at the end of inflation 
is thus given by 
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Comparing the result with the curvature perturbation 
generated at the horizon exit (SN^,), we find that SNe is 
enhanced by the factor 1/ tan 6*2 S> 1. 

If one compares this result with the "standard" calcu- 
lation 
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[ 0J 


* 



1 



H 



(23) 



4 



where the slow-roll parameter is defined by 



one finds 



1 



Ee tant'e 

For the simplest (two field, equal mass) model we find 



(24) 



which leads to 



SNo 

SNo 



sin 6*, 



cos 6* < 1, 



sm9 < 1. 



(25) 



(26) 



(27) 



The minimum ratio 



5N, 
SNo 



l/-\/2 is obtained 

when tan 9 = 1, where both perturbations contribute 
(i.e, SN^, ~ SNe). Obviously, the additional light field 
changes the spectrum. 



IV. CONCLUSIONS AND DISCUSSIONS 



5N at the end of inflation. Using the conventional 5N 
formalism, we showed that the fields that are decoupled 
from the inflaton sector can play significant role in cre- 
ating the curvature perturbation. 

The signs of the light fields may appear in the spectral 
index and/or in the non-Gaussianity, which can be used 
to discriminate the origin of the perturbation. The pre- 
cise calculation of these parameters is quite difficult when 
there are many fields during inflation, but our modest 
prediction is that the deviation from the standard pre- 
diction may indicate the presence of light scalar flelds in 
the early Universe. 

In this paper hybrid inflation is simplifled assuming 
that it ends with an instantaneous waterfall starting at 
the critical instability point 0c- This simplification is 
not valid if inflation can continue for more than 60 e- 
folds during the waterfall 9]. However, the model that 
spends more than 60 e-folds during the waterfall should 
correspond to hilltop inflation (with probably some mod- 
ulation caused by the interaction with cj) ) that should 
be discriminated from the conventional hybrid inflation 
scenario. 

We discussed the physics related to the evolution be- 
fore the waterfall using the simpliflcation of the instan- 
taneous waterfall. Our simplification is valid only when 
the end of infiation mechanism is valid for the hybrid 
inflation model. 



In the inflationary Universe we may expect many light 
scalar fields ipi. Since the adiabatic field during infla- 
tion must be deflned using all the flelds that are mov- 
ing during inflation, the mismatch between the end of 
hybrid inflation (usually deflned by cj) that is coupled to 
the waterfall fleld) and the uniform density hypersurfaces 
(always deflned by the adiabatic fleld) causes creation of 
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